Purpose: To study the impact of shielding elements in the proximity of Intra-Operative Radiation Therapy (IORT) irradiation fields, and to generate graphical and quantitative information to assist radiation oncologists in the design of optimal shielding during pelvic and abdominal IORT. Method: An IORT system was modeled with BEAMnrc and EGS++ Monte Carlo codes. The model was validated in reference conditions by gamma index analysis against an experimental data set of different beam energies, applicator diameters, and bevel angles. The reliability of the IORT model was further tested considering shielding layers inserted in the radiation beam. Further simulations were performed introducing a bone-like layer embedded in the water phantom. The dose distributions were calculated as 3D dose maps. Results: The analysis of the resulting 2D dose maps parallel to the clinical axis shows that the bevel angle of the applicator and its position relative to the shielding have a major influence on the dose distribution. When insufficient shielding is used, a hotspot nearby the shield appears near the surface. At greater depths, lateral scatter limits the dose reduction attainable with shielding, although the presence of bone-like structures in the phantom reduces the impact of this effect. Conclusions: Dose distributions in shielded IORT procedures are affected by distinct contributions when considering the regions near the shielding and deeper in tissue: insufficient shielding may lead to residual dose and hotspots, and the scattering effects may enlarge the beam in depth. These effects must be carefully considered when planning an IORT treatment with shielding.
Introduction
During a surgical intervention, after tumor resection, ionizing radiation is sometimes used for direct treatment of the resection margins, while nearby sensitive tissues are moved away or shielded from the treatment beam [1, 2] . High-energy electron beams are frequently used for this purpose due to their relatively low penetration depth, when compared to high energy photons, allowing the sparing of healthy organs underneath. This technique is known as Intra-Operative Electron Radiation Therapy (IORT). At our Institution IORT is used almost exclusively to treat locally advanced or recurrent rectal cancer, which is treated with preoperative radiochemotherapy followed by surgery with IORT. IORT is not a new technique, but its high cost initially hindered its development. Recently, the more affordable option of mobile linear accelerators led to a renewed interest in the technique [3] .
In abdominal and pelvic IORT there is an occasional need to use small shielding elements to partially block the radiation field (beam shaping) due to irregularities in the shape of the tumour, and the occasional presence of adjacent sensitive tissues which cannot be moved out of the beam path [4, 5] . The ideal shielding should be quick to mould at the IORT stage, easily adaptable to the treatment scenario, and thin enough not to interfere with the position of the applicator. Lead (Pb) is obviously a good option to fulfill these requirements. Sterilized thin sheets of lead, wrapped in gauze and soaked in saline solution to avert lead-tissue contact, may be cut to the appropriate shape and inserted in the patient, in sufficient number to reduce the dose down to the level of the Bremsstrahlung tail. According to Biggs et al., the effect of this field shaping on the output factors is small (<2-3%) if the amount of field blocking is not very large (<25%) [5] . Bagne than 10% of the unblocked dose, and indicate approximate values of lead thickness, stressing that these must be verified for each individual machine before clinical use [4] .
The indications of Bagne et al. were not accompanied by graphical representations of dose distributions. However, the visualization of dose distributions is very important in IORT, since the volume to be irradiated is visually estimated at the operating theatre by the radiation oncologist, who chooses the electron energy according to the depth of tissue to be treated, based on the isodose curves measured under reference conditions. Dose calculations are usually done manually, using tables based on water tank measurements, because planning software would require a CT scan [6] and this is difficult to obtain at the surgical stage.
Monte Carlo (MC) simulations are often used to study the effects of shielding without the difficulties associated with experimental measurement [7] , allowing 3D dose maps analysis. Upon validation in standard geometries, such as water phantoms, MC is a good predictor in the study of different geometries. Monte Carlo simulations have been used to optimize the composition of breast IORT shielding disks, to obtain adequate protection of the organs beneath the shielding, ensuring the prescribed dose to the irradiated volume [8] [9] [10] [11] . This optimization is specific to the irradiation geometry of breast IORT, where the irradiation surface is nearly flat and easily accessible, the shielding is placed under the tissue to be irradiated (disc-shaped shielding elements from a few millimetres up to more than 1 cm can be used), and the IORT applicators are usually circular and non-beveled. Soriani et al. also used Monte Carlo (MC) simulations to help design a beam-shaper device to transform a circular IORT beam 10 cm in diameter into a rectangular field of variable shape, in order to treat the elongated shapes typical of soft-tissue sarcomas in distal limbs [12] . The beam-shaper of Soriani et al. does not fit into the patient, therefore it is not applicable in pelvic or abdominal IORT, where the area to be irradiated is deep inside the surgical cavity.
In pelvic (e.g. rectum) and abdominal (e.g. pancreas) IORT the typical irradiation geometries are completely different from those of breast and soft-tissue sarcomas, as are the typical field shapes. The relative location of organs at risk and the accessibility of the irradiation surface are also different. In addition, beveled applicators are often necessary, and shielding requirements vary according to the clinical situation. Therefore, it seems important to have a complete and detailed characterization of shielding effects on the dose distribution, complemented with graphical analysis, to serve as a guideline for professionals working on the field.
The aim of this study is to characterize the effect of lead shielding in typical scenarios of pelvic and abdominal IORT, providing relevant and important information for radiation oncologists to optimize pelvic IORT. Monte Carlo simulations evaluate the effect of lead shielding on dose distributions with high level of detail and visualization which is only possible with computer simulations. The Monte Carlo IORT model is also explored in the study of bone influence to the dose distribution under irradiated and shielded tissue.
Materials and methods

IORT system
At the study location, IORT procedures are performed with a Varian CLINAC 2100CD conventional linear accelerator (LINAC), adapted for IORT with a system of hard-docking applicators. The LINAC is installed in a bunker adjacent to an Operating Room. It produces electron beams of five nominal energies (6, 9, 12, 15 and 18 MeV) but only the lower four are clinically used. The IORT system includes polymethyl methacrylate (PMMA) cylindrical applicators of 3 mm wall thickness to which beveled PMMA terminations are attached through an intermediate brass joint (Fig. 1a) ). Applicators are available with external diameters of 3-15 cm, in steps of 1 or 2 cm, and bevel angles of 0 (B0), 15 (B15), 30 (B30) and 45°(B45). The most frequently used applicators are 6, 7 and 8 cm in diameter, with bevel angles of 30 and 45°, at energies of 6, 9 and 12 MeV.
IORT numeric model
An accurate model of the IORT system was implemented using detailed LINAC specifications from the Varian Medical Systems Monte Carlo Data Package. The LINAC numerical model was implemented using BEAMnrc, an EGSnrc based MC code used for simulating photon and electron beams [13] . The MC model implementation was split into four simulation stages, producing four particle history phase-space files (phsp) along the LINAC and IORT structures.
The first two stages simulated the primary beam, producing phsp files just above (phsp1) and below (phsp2) the LINAC collimator jaws. The phsp2 was used in open-field simulations (without any IORT hardware attached to the LINAC head) to validate the LINAC numerical model, using the code DOSXYZnrc [14] to score the dose in a 60 Â 60 Â 10 cm 3 (width Â length Â depth) water phantom with a 0.5 Â 0. Following the previous validation, the IORT applicator system was implemented in two simulation stages. In the first, BEAMnrc was used to simulate the radiation field along the main applicator system (see Fig. 1a )), starting from the collimator output phsp2 and yielding in the final phase-space (phsp3) at the coupling external brass joint. The last simulation stage propagates phsp3 along the beveled applicator ending and the voxelized water phantom, both implemented in EGS++ code [15, 16] . IORT applicators of 6, 7 and 8 cm diameter of four possible bevel angles (0, 15, 30 and 45°) were considered. The water phantom was redefined as a smaller 24 Â 24 Â 7 cm 3 water tank at this stage of the simulation, considering that the maximum expected dimension of the radiation beams at the phantom surface is not greater than 8 cm. A set of tests was performed to select the smallest possible voxel size that would give an acceptable statistical uncertainty within feasible simulation times. The criterion for an acceptable statistical uncertainty was: (i) for PDDs: an uncertainty of less than 1% for all depths from 0 down to the depth where the dose has fallen to 10% of the dose maximum at d max and (ii) for dose profiles: an uncertainty of less than 1% for the plateau region (90%). Considering these criteria, the simulations were performed using 1.65 x 10 8 histories from phsp3 with a 0.4 Â 0.4 Â 0.2 cm 3 voxel size.
Finally, reference PDD curves and transverse dose profiles at various depths were simulated for all possible IORT configurations in water phantom, i.e. combinations of beam energy, applicator diameter, and bevel angle.
IORT model validation
Measurements were performed in a water tank (MP3-M, PTWFreiburg, Germany) with a diode detector (type 60012 E PTWFreiburg, Germany), for all simulated reference configurations. The validation PDD curves and transverse dose profiles were acquired using the measuring configuration recommended by the AAPM task group 48 (TG48) [2] , where the ''clinical axis" is defined as the line perpendicular to the phantom surface intersecting the beam axis along the applicator at the surface (Fig. 1b) ). According to TG48, the beam central axis of beveled applicators has little clinical relevance, since the vertical depth from the phantom surface is more relevant for IORT.
Global gamma index analysis [17] , with 2% as dose difference and 2 mm as distance to agreement (DTA), was applied to assess the agreement between the simulated and the corresponding reference (measured) data for all combinations of beam energy, applicator diameter and bevel angle. Agreement is obtained when more than 95% of all evaluated points have a gamma index below 1.
The reliability of the IORT model was further checked in nonreference conditions: the accuracy of the simulated dose distributions in water tank was assessed when highly attenuating pieces of shielding were introduced into the radiation field. Two 1.2 mm thick lead sheets were laterally inserted 1.6 cm in the radiation field of a B0 7 cm applicator (7B0), corresponding to a field blocking of 17% of the applicator area. This shielding configuration was simulated for different beam energies, and dose profiles were measured in the same configuration, at several depths, with the lead sheets taped to the end of the applicator. The results were compared using gamma index analysis (2%, 2 mm).
Studies on shielding in IORT
Several IORT shielding configurations were studied using simulations to build a set of clinically relevant reference dose distributions for pelvic IORT.
The effects of using different total lead thicknesses, and the influence of the electron beam energy, are important factors to consider when a sensitive organ or tissue needs to be protected. The minimum lead thickness necessary to reduce the dose to less than 10% of the unshielded dose was determined from the IORT model simulations. Transverse dose profiles were extracted from the simulated 3D dose data mesh at 3 and 9 mm depths, for different energies and lead thicknesses. The considered lead thicknesses were integer multiples of the 1.2 mm clinically available lead sheets.
Color-coded dose distributions were created for different shielding configurations, beam energy and applicators, and visualized using the Computational Environment for Radiotherapy Research (CERR, version 3.1) [18] . All simulated dose distributions were normalized to the ''clinical axis" dose maximum (Dmax) of the corresponding reference (i.e. the same applicator and energy in an unshielded configuration).
The presence of a shield between the applicator and the water phantom modifies the Dmax depending on the shield edge position. The shielded configuration can be derived from the reference setup in a two-step process. The first step displaces the applicator, determining an air gap, while the second inserts the shielding between the applicator and the water phantom. To distinguish the dosimetric changes due to the air gap and the shielding, the two effects were evaluated separately through specific simulations, with and without any shielding, for the three beam energies (6, 9 and 12 MeV).
Introducing shielding inside the patient during a surgery is not straightforward and several millimeters of lead are required for high beam energies. This is a considerable thickness to insert in the surgical cavity, especially since the lead must be wrapped in a sterile envelope and/or in gauze. Dose limits for sensitive tissues do not always require dose reduction to 10% of prescription, but current recommendations are to use sufficient thickness to reduce the dose down to the Bremsstrahlung tail level. Therefore, situations of insufficient shielding were simulated to allow a better understanding of its impact and of the rationale behind the recommendations.
In pelvic IORT for rectal cancer, the sacral bone is usually immediately below the irradiated area. Therefore, the effect of having bony structures under the tissue was also investigated and modeled through a non-homogeneous phantom, by simulating the insertion of a 3 cm layer of bone material, 5 mm beneath the phantom surface. 
Results
IORT model validation
Simulated PDDs and transverse dose profiles were compared with measured (reference) data using the gamma index model, with 2%/2 mm. Examples of agreement between simulated and experimental results are illustrated by PDD and transverse dose profiles at 3 cm and d max depths in Fig. 2 for 8 cm of B0 and B30 bevel applicators, at 9 MeV energy. Gamma index values are also presented. The model was considered validated as 98.27% of all evaluated points, for all energies, applicator diameters and bevel angles, verified gamma 6 1.
The IORT numerical model was proved equally reliable in nonreference conditions with shielding, yielding 98.66% of evaluated points with gamma 6 1 (2%/2 mm). Measured and simulated transverse dose profiles obtained at different depths are shown in Fig. 3 , for the lateral insertion of two lead sheets of 2.4 mm total thickness.
Studies of shielding efficiency
Dependency on lead thickness and beam energy
The transverse dose profiles shown in Fig. 4 were obtained considering a 7B0 applicator, for different lead thicknesses and different beam energies. They allow the determination of the required lead thickness for efficient beam attenuation. Table 1 summarizes the estimated minimum lead thickness (min_Pb) for each beam energy. The results show a very good agreement with the data of Bagne et al. Despite this, it is important to emphasize the necessity of confirming the values of lead thickness for different IORT machines before clinical introduction of shielding [4] .
For the case considered, where sheets were laterally inserted 1.6 cm in the radiation field, the PDD with shielding and the PDD with an air gap of the same thickness have a difference of ±3%, for every beam energy and a maximum shield thickness of 6.0 mm (data not shown). This agrees well with the data of Biggs et al. (2-3% difference in the output factors) [5] . Combining the two effects (air gap plus shielding), the maximum clinical axis dose modification is ±5%.
Effect of insufficient thickness
When the lead thickness is insufficient, an additional lateral local dose increase may occur, as shown in Fig. 4 . These hotspots are due to the perturbation of lateral electronic equilibrium by the presence of shielding materials. In the present study these hotspots were observed for different beam energies, and for different lead thicknesses. Lateral dose increases when less shielding is used, but it is still around 10% at 3 mm depth, for 2.4 mm lead thickness (2/3 of min_Pb) with 9 MeV electron beam (Fig. 4b) ).
Total lead thickness is dependent on the uncertainty of individual sheet thickness. This scenario was evaluated considering a variability of shielding sheet thickness of 0.1 mm, resulting in a potential total reduction of 0.2 mm when 2 sheets are used. For a 12 MeV beam and a 7B0 applicator, the simulated transverse dose profiles for lead thickness of 2.4 mm (1/2 min_Pb) and 2.2 mm are compared in Fig. 4c) , at 3 and 9 mm depth in water phantom. The ratio between the profiles relative to the two shielding configurations, defined as R 2:4 2:2 ¼ Dð2:2Þ=Dð2:4Þ, is also shown in the same graph, for both depths. For the simulated scenario, a discrepancy between the actual and the nominal total lead thickness of 0.2 mm determines a relative increment of dose in the shielded region by 20% at both depths (3 and 9 mm).
These two effects underscore the importance of using shielding with sufficient lead thickness.
2D dose distributions
To allow a better visualization of shielding effects, both laterally and in depth, transverse central plane dose distributions were extracted from 3D dose simulations. Representative examples of 2D dose maps are shown in Fig. 5 for 12 MeV IORT configurations. Similar behavior was observed at 6 and 9 MeV, but 12 MeV was chosen for presentation because the greater penetration depth allows a better visualization.
For comparison, a reference dose distribution of 12 MeV and 7B0 applicator is shown in Fig. 5a ). The 2D dose distribution resulting from the insertion of a 3.6 mm thick lead shielding 1.6 cm into the applicator is shown for a 7B0 applicator in Fig. 5c ), and for 7B30 applicator in Fig. 5b ) and (d). As bevels B30 and B45 are the most often used, the results for the B30 bevel with shielding are presented. The effect of B45 (not shown) is similar, but with more pronounced inclination, so the physical effects are superposed in space making visualization harder. The dose profiles corresponding to the vertical lines in Fig. 5 , are shown in Fig. 6a ), for several shielding thicknesses allowing a quantitative analysis of the dose, in depth. Following the expected dose decrease with depth, a recovery is observed until a relative maximum occurs. Both amplitude and location of the outbulge relative maximum depend on beam energy, but are independent of shielding thickness. For comparison, Table 2 summarizes the results on the location and relative dose maxima obtained from Fig. 6b for the B0 configurations, at 6, 9 and 12 MeV beams, for the cases of homogeneous phantoms. The lead thickness indicated in Table 2 is the threshold above which it is possible to distinguish the relative maximum. Fig. 7 shows the dose distribution in depth, beneath the shield, in the middle position, between the shield edge and the external border of the B0 applicator, for a 9 MeV beam, for the scenarios of a bone insertion similar to a pelvic IORT scenario and a homogeneous water phantom. The in-depth dose profiles show the same trend. Table 2 was complemented with data obtained for the same energies in the bone insertion configuration, for comparison. The values on Table 2 allow the estimation of expected clinical impact (with bone) as compared to the known reference conditions that can be measured in water. 
Bone influence on dose distribution
. Surface shielding efficiency
The amount of dose reduction under the shielding varies with depth. In the zoomed graph of Fig. 4a ) the transverse profile for 7B0/12 MeV with 3.6 mm of lead (3/4 min_Pb), obtained at 0.9 cm depth, shows that the dose values are almost completely below 10% of Dmax. However, the vertical dose profiles shown in Fig. 6a) , taken in the middle position of the beam shielded field, 8 mm away from the applicator border, show that for the same situation the dose at the surface may reach values around 30% of Dmax. The residual surface dose increases rapidly with decreasing lead thickness: for 2.4 mm (1/2 min_Pb), it is still around 60% of Dmax for the same configuration (Fig. 6a) . The same effect is observed in Fig. 4b ), where the transverse profiles obtained for 7B0/9 MeV 1.2 mm lead are markedly different at 0.3 and 0.9 cm depth.
Deep shielding efficiency
In pelvic IORT actual organs at risk may be located deeper in tissue. At greater depth, the choice of lead thickness does not seem to be relevant in terms of dose reduction. When an appropriate shielding thickness is applied, there is a visible dose reduction near the lead sheet. However as shown in Fig. 6a ) for 12 MeV and B0, at around 1.5 cm depth the dose values start to increase, reaching a considerable 22% of Dmax at 3.8 cm depth. The in-depth increase of dose is relatively independent of shielding thickness, as it is due to side-scattering events in the water phantom, broadening the shape of the electron beam profile. The broadening of the beam is also present at lower depths at the edge of an unshielded applicator, as seen on Fig. 5a ). The magnitude of this effect is naturally linked to the pathlength of secondary electrons and its dependency on the beam energy.
In addition, both the depths and the percentage dose depend on the distance between the profile and the edge of the shielding. Under the shielding and at 1 mm from its edge, the 12 MeV dose reaches %52% at approximately 2.6 cm, and the 9 MeV dose reaches 50% at %2.0 cm.
Shielding efficiency with beveled applicators
Beveled applicators (30°and 45°) are the most frequently used in pelvic IORT for rectal cancer [19] . When using beveled applicators there are two possible irradiation geometries, depending on whether the beam is directed away from the shielding, as shown in Fig. 5b) , or towards it, as shown in Fig. 5d ). When the beam is directed away from the shielding, the increased dose at further depths under the lead sheets will not be present (Fig. 5b) ). This will ensure a better dose sparing to areas far beneath the shield, as shown in Fig. 6a) , where the vertical dose profile reaches 5% and 3% maximum for B15 and B30 beveled applicators respectively, at around 3.8 cm depth. As expected, for the opposite geometry ( Fig. 5d) ), the shielding only reduces the dose in the first 1.0 cm depth (for 12 MeV), as seen in Fig. 6a ), because the beam is directed towards the region under the lead. For a B45 bevel the results are similar and more pronounced.
These results may seem obvious, but it is important for radiooncologists to have a chance to visualize them and to be aware of their impact on dose when deciding to shield organs at risk. Also, these results show that the effect is present even for a small bevel angle (B15). If the critical organ to be shielded is likely to extend 3-4 cm in depth, and the surface to be irradiated is such that both non-beveled and B15 applicators can be used, our results suggest that it could be advantageous to use a B15 applicator pointing in the appropriate direction, to increase the effect of the shielding. However, this gain in shielding effectiveness is obtained at the cost of extending the beam profile in the opposite direction. Moreover, in IORT, the treatment setup is often not completely free, due to geometrical and anatomical constraints.
Effect of bone on shielded profiles
The higher density of bone with respect to water produces sensible modification of the dose levels reached in depth, and in particular, beneath the shield, where dose reduction is intended.
As shown in Fig. 7 , an initial decrease of dose is observed due to the shielding, then, a partial recover with a relative maximum due to scattering effects is observed. Different level and depth of the relative maximum is encountered when bone is considered ( Table 2) .
The higher density of the bone with respect to the water reduces the distance travelled by the secondary electrons, both in depth and laterally. Consequently, both the depth and the maximum dose level due to scattering effects are reduced with respect to the water homogeneous case correspondent dose profile, in the middle position between the shield edge and the external border.
Also, the results in Fig. 7 show that the presence of bone 5 mm below the surface produces very little backscatter, and has practically no effect on the unshielded surface dose. This is an interesting result for the interpretation of in vivo measurements in pelvic IORT, and was also expected from published data. Martignano et al. simulated different high density shielding materials at 2 cm depth, and observed a strong reduction of backscattering for shielding materials of lower density, such as aluminum [10] .
When a beveled applicator is used, and a bone layer is introduced as described above, the effects observed are similar to those obtained for non-beveled applicators. The dose depth profiles for B15 and B30 under the shield have the same trend as the respective profiles in homogeneous phantom case, slightly modified by the presence of the bone. Particularly, when B15 and B30 are considered, oriented in the direction away from the shield, the profiles show 2% as maximum. Moreover, if the beveled applicator is 180 deg rotated around the clinical axis, the dose values beneath the shield are considerably higher than those of the non-rotated configuration, even if lower and at smaller depth than the correspondent case in the water homogeneous phantom.
While our results were obtained for a particular LINAC, the effects observed should be qualitatively general, for electron beams with similar energies, although quantitative results such as optimal shield thickness may vary. In this work, only flat irradiation surfaces were considered. However, in the future, more realistic shielding scenarios may be considered as well, combining lead shielding with, for example, a concave irradiation surface with a curvature typical of the sacrum.
Conclusions
A set of IORT configurations was studied under the context of using shielding in pelvic IORT for rectal cancer, to provide quantitative information to assist radiation oncologists prescribing the therapy dose. An IORT machine based on a Varian CLINAC 2100CD was modeled with BEAMnrc and EGS++ codes and validated. Dose distributions resulting from the introduction of shielding elements within the IORT radiation field were evaluated, considering a homogeneous water phantom and a water phantom with an insertion of bone layer. From the presented results it was shown that: a considerable increase in dose in the lateral vicinity of the lead shielding sheet is associated with insufficient lead thickness; when sufficient shielding is used, no lateral hotspots occur and the shielding is effective near the surface; in depth, lateral scattering effects are observed and the lateral enlargement of the dose distribution is almost independent of lead thickness; this effect can be minimized by using a beveled applicator directed away from the shielding. The effect of having bone on the irradiation field was also studied. These results should be taken in consideration by radio-oncologists when choosing the best lead thickness, shape and position. 
